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a b s t r a c t
Pure liquid properties, such as density, refractive index and dynamic viscosity of 2,5-dimethylfuran
(DMF), a promising biofuel obtained from biomass, were determined over the temperature range
(288.2–333.2) K. Liquid–liquid equilibrium (LLE) data of ternary systems water + DMF + alcohols
(1-butanol or 2-butanol or 1-hexanol) were experimentally investigated at 298.2 K and 313.2 K at atmo-
spheric pressure, using a jacketed glass equilibrium cell, according to a standard methodology. These
alcohols are present in the DMF production process from dehydration of HMF in a biphasic reactor.
The obtained results show that these alcohols are good solvents for use in DMF production, since large
two-phase regions, great immiscibility and high selectivity for DMF were observed for all systems. The
experimental ternary liquid–liquid equilibrium data were correlated using the NRTL and UNIQUAC mod-
els for the activity coefﬁcient; the experimental nad calculated LLE data were in excellent agreement,
with root mean square deviations below 1% for both NRTL and UNIQUAC models. The reliability of the
experimental data was ascertained using the Bachman and Othmer–Tobias equations.
 2014 Elsevier Ltd. All rights reserved.
the world and development of sustainable fuels in the transporta-
tion sector has attracted the worldwide attention, especially those
derived from biomass [5]. This is illustrated by the exponential
growth of scientiﬁc publications on biofuels in the past decade [6].
Recently, Román-Leshkov et al. [7] developed an efﬁcient two-
step catalytic process that can convert fructose into 2,5-dimethyl-
furan (DMF), a potential liquid biofuel. The raw material used in
this proposed hybrid process route has the main advantage that
can be obtained from biomass, directly or derived from glucose.
According to Román-Leshkov et al. [7], DMF exhibits suitable phys-
ical properties for liquid fuels useful in transportation sector:
unlike ethanol, the only renewable liquid fuel currently produced
in large quantities, which suffers from several limitations, includ-
ing low energy density, high volatility, and contamination by the
absorption of water from the atmosphere, DMF has a 40% higher
energy density and a 20 K higher boiling point compared to etha-
nol, is chemically stable, is not water soluble and its evaporation1. Introduction
Nowadays, the main resources of energy and fuels are petro-
leum, natural gas and coal; however, energy extraction from these
conventional fuels is considered one of the major causes of envi-
ronmental deterioration, due mainly to emissions of greenhouse
gases by burning these fuels. On the other hand, the global energy
demand is increasing continuously due to the rapid growth in pop-
ulation and industrialization development. A secure and accessible
supply of energy is crucial for the sustainability of modern socie-
ties, developed or emerging economies. In this context, the reduc-
tion of global warming while satisfying growing energy demands is
the one of the most important challenges to face in this 21st cen-
tury [1–3]. According to Escobar et al. [4], the transportation sector
alone accounts for about 47% of total primary energy consumed in
⇑ Corresponding author.http://dx.doi.org/10.1016/j.fuel.2014.07.039
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requires approximately one-third less energy than the evaporation
of ethanol. In addiction, the Research Octane Number (RON) is
comparable to the gasoline and ethanol RON [8].
Since DMF potential as a promising new biofuel and fuel addi-
tive was highlighted, many researchers had investigated about
the combustion performance and characteristics of DMF and fuel
blends including DMF [8–21]. The results indicate that DMF can
be easily adopted to current DISI technologies, because it has
similar combustion characteristics and emissions to gasoline [21].
In the process of DMF production proposed by Román-Leshkov
et al. [7], the ﬁnal steps involve the separation of the biofuel from
the extraction solvent used in the dehydration of fructose to form
HMF [5-(hydroxymethyl)furfural] in the biphasic reactor and reac-
tion intermediates, like water produced in hydrogenolysis reaction
[7]. Various solvents are tested in the HMF production in biphasic
reactor, among them 1-butanol, 2-butanol and 1-hexanol [7,22].
For design, operation and optimization of this process, thermo-
physical properties and phase equilibrium data, such as vapor–
liquid and liquid–liquid equilibrium, are essential. The main goal
of this work is to perform new measurements of thermophysical
properties of pure DMF, such as density, refractive index and
dynamic viscosity, as well as to investigate experimental liquid–
liquid equilibrium of ternary systems involving water + 2,5-
dimethylfuran + alcohol (1-butanol or 2-butanol or 1-hexanol). A
survey of the literature shows that only vapor–liquid equilibrium
of binary systems containing DMF were measured [23–27] and
that no LLE data including DMF are available.
2. Experimental
2.1. Materials
DMF and alcohols were used as purchased from the suppliers,
without further puriﬁcation. Distillated water was used through-
out all experiments. The chemicals used in this work and their
chemical abstracts registry number (CAS number), suppliers and
the purities provided by their respective suppliers are included in
Table 1. Experimental and reference values reported in the litera-
ture for liquid density (q) and refractive index (nD) of the pure
compounds used at 298.2 K also are included in Table 1.
2.2. Apparatus and procedure
For pure liquid properties determination, a vibrating U-tube
Anton-Paar DMA 5000 densimeter (accuracy of ±5  106 g cm3)
was used for density measurements, whereas refractive indexmea-
surements were made by using a Mettler-Toledo RE 40 D refrac-
tometer (±0.0001). Dynamic viscosities (g) were determined using
a falling ball viscometer Anton-Paar AMVn (±1  104 mPa s).
In order to determine the most suitable analytical methodology
for determination of experimental liquid–liquid equilibrium data
for these systems including DMF, three analytical methodologies
were tested. Technique 1 uses densimetry and refratometry by
using calibration curves obtained in binodal curves experiments,
as described by Oliveira and Aznar [31]; technique 2 uses gas chro-
matography to determine both DMF and solvent concentration,
while water content is obtained by mass balance, as described by
Mafra and Krähenbühl [32]; and technique 3 uses gas chromatog-
raphy to determine both DMF and solvent concentration, while
water concentration is determined by Karl Fischer volumetric titra-
tion. Due to the low solubility of DMF in water-rich phase, the
technique 1 was considered not suitable, because the visualization
of the cloud point was not very clear and large uncertainties in
mass fraction and density measurements were obtained. On the
other hand, technique 2 presented large uncertainties for water
content in organic phase. For some tie-lines, water content was
very low; in these cases, the chromatographic response indicates
a sum of DMF and solvent mass fractions lightly greater than 1,
therefore the water content obtained was lower than 0. The most
successful technique among the three cited was the technique 3,
therefore this technique will be described in detail hereafter.
The LLE ternary data was determined by using a 23 cm3 jack-
eted glass cell, similar to those designed by Stragevitch [33] and
described elsewhere [34]. The overall mixtures were prepared
directly into the cells and the components were weighted in ana-
lytical balance Shimadzu AS200 (accuracy of ±1  104 g). The cell
temperature was maintained constant at T = 298.2 K (±0.1 K) or
T = 313.2 K (±0.1 K), controlled by the recirculation of water
through the external jacket from a Tecnal TE-184 thermostatic
bath. The mixtures were vigorously stirred for 1 h by using a Fis-
atom 752 magnetic stirrer, in order to allow a close contact
between the phases, after which they were left to settle for at least
12 h, until the phases were completely separated and clear. Preli-
minary tests showed that this time was enough to achieve the
equilibrium. After the equilibrium was reached, samples of both
phases were carefully collected by plastic syringes, avoiding the
disturbance of the equilibrium. The collected samples were ana-
lyzed in order to determine the equilibrium compositions. The
water mass fraction of each phase was determined directly by
using a Karl Fischer volumetric titration with a Mettler Toledo
DL31 titrator (accurate to ±1  104% of water). The organic com-
pounds mass fractions were determined by gas chromatography
(GC) using a Varian 3400 gas chromatograph equipped with a
ﬂame ionization detector (FID) and a SBPTM-1 megabore column
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Properties of pure compounds: aCAS number, density q, refractive index nD, purity (mass fraction) and supplier.
Compound CAS q (g cm3)b nDb Purityc Supplier
T = 298.2 K T = 298.2 K
Exp Lit Exp Lit
DMF 625-86-5 0.895633 0.8957d 1.4388 1.44040d 0.99 Sigma–Aldrich
1-Butanol 71-36-3 0.805877 0.80584e 1.3973 1.3969e P0.994 Synth
2-Butanol 78-92-2 0.802362 0.802985g 1.3948 1.39490f 0.99 Vetec
1-Hexanol 111-27-3 0.815167 0.81528e 1.4160 1.4161e 0.98 Acros organics
Water 7732-18-5 0.996995 0.996993h 1.3325 1.3325h
a Standard uncertainties are: u(q) = ±5  106 g cm3, u(nD) = ±1  104, u(T) = ±0.1 K.
b Average of three measurements.
c Provided by the supplier.
d Ref. [24].
e Ref. [28].
f Ref. [29].
g Ref. [30].
h Ref. [31].
(poly(dimethyl siloxane), 15 m  3.2  104 m  5  106 m ﬁlm
thickness) and using nitrogen as the carrier gas and synthetic air
and hydrogen to burn the ﬂame. The injector temperature was
set to 200 C. The column temperature was maintained constant
(50 C) for 5 min and next raised at 5 C/min until 70 C; after that,
it was raised at 30 C/min until 100 C; at last, this temperature
was maintained constant for 2 min. The detector temperature
was set to 250 C. The ﬂow rate of nitrogen was 10 mL/min, with
a makeup of 80 mL/min, while the ﬂow rate of synthetic air and
hydrogen were 300 mL/min and 18 mL/min, respectively. These
temperatures and ﬂow rates were selected after several tests;
under these conditions, a perfect separation of the response peaks
for all components was obtained. All measurements were per-
formed at least in triplicate. The detector was calibrated using
the area normalization method. A calibration curve was made for
each system, with different concentrations of binary mixtures of
the organic compounds presents in each system {DMF + (1-butanol
or 2-butanol or 1-hexanol)}, covering the range from a diluted mix-
ture in DMF to diluted mixture in alcohol, each one at least in trip-
licate. From these calibration curves, the mass fraction ratio of the
organic compounds as a function of their respective chromato-
graphic peak areas ratio was obtained. The calibration curves were
validated by analyzing solutions with known composition.
The same procedure was applied to determine the mutual solu-
bility of binary systems water + DMF and water + alcohols, except
that the composition analysis was performed only by using Karl
Fischer titration; since the water mass fraction in the equilibrium
phase was already determined, the composition of the other com-
ponent was calculated satisfying the mass balance constraint:X
i
wi ¼ 1 ð1Þ
where wi is the mass fraction of each component.
The estimated uncertainties on mass fraction measurement
were 0.001, with the largest uncertainties for aqueous phase. The
temperature was estimated to be accurate to within ±0.10 K.
3. Results and discussion
3.1. Pure DMF properties
A survey of the literature shows that available experimental
properties for pure DMF are very scarce. Among the few reported
data available are density [24,36], vapor pressure [23,24,36], inter-
facial tension [24], heat capacity [35,36], melting point [37], stan-
dard molar enthalpies of vaporization and formation [35] and
some thermodynamic functions [36] measurements. Estimated
critical properties also were found in the literature [37–39]. Con-
sidering that the knowledge of several physical properties of pure
compounds or their mixtures, including density, refractive index
and viscosity are very important for design and optimization of
industrial process, some basic measurements of densities, refrac-
tive indexes and dynamic viscosities were made in order to make
reliable data on these properties available. Particularly, densities
and viscosities are important fuel parameters, subject to speciﬁca-
tions and impact on the fuel quality. Table 2 reports the new den-
sity, refractive indexes and viscosities experimental values as
function of the temperature. It can be observed that both proper-
ties decrease with the temperature. The obtained densities values
were compared with the experimental data reported by Mejía
et al. [24] and those which can be predicted from the equation
and parameters suggested by Yaws [37]. For liquids densities, Yaws
suggests an equation with this form:
q ¼ AB 1TCð Þ
n
ð2Þ
where q is the density, expressed as g cm3, A, B, C and n are the
equation parameters and T is the temperature in K. For DMF, the
Yaws proposed values are: A = 0.31363; B = 0.27562; C = 557.13
and n = 0.28571, valid within the temperature range between
210.4 and 557.1 K. New values were estimated in this work, and
the new values are reported in Table 3.
In Fig. 1, a good agreement between the present density data
and those reported by Mejía et al. [24] can be observed, with an
average absolute percentage deviation less than 0.02%. Predicted
values, using Yaws parameters and Eq. (2), present an average
absolute percentage deviation of 1.28% respect to the experimental
data reported in Table 2.
The experimental values for densities obtained in this work and
those reported by Mejía et al. [24] were ﬁtted to the Eq. (2) and the
new values for the parameters of this equation are presented in
Table 3. The experimental results for refractive indexes were ﬁtted
to the linear Eq. (3) and the experimental results for viscosity have
been smoothed using Eq. (4), known as Vogel equation [40].
nD ¼ Aþ BT ð3Þ
ln g ¼ Aþ B
T þ C ð4Þ
In these equations, A, B and C are numerical parameters and T is
the temperature in K. The parameters of Eqs. (2)–(4), as well the
correlation statistics, are summarized in Table 3. Experimental
results and correlation for refractive indexes and dynamic viscosi-
ties are depicted in Figs. 2 and 3, respectively.
3.2. Liquid–liquid equilibrium
The experimental tie-line compositions of the equilibrium
phases for the three ternary systems {water + DMF + (1-butanol
or 2-butanol or 1-hexanol)} are listed in Tables 4–6 and the LLE
diagrams for these ternary systems are plotted in Figs. 4–6. As
expected, these ternary systems behave as type-2 LLE [41], since
(water + DMF) and (water + solvent) mixtures pairs are partially
miscible and the only liquid pair that is completely miscible is
(DMF + solvent). Therefore, these systems do not present a plat
point.
As seen from the phase diagrams, it is easy to see that the
selected alcohols are good solvents for use in the DMF production
process, with large two-phase regions. The immiscibility region
and the equilibrium characteristics of the investigated systems
are inﬂuenced by the alcohol used as solvent; the immiscibility
region decreases in the same order than the mutual solubility of
water and the alcohol decreases: 1-hexanol > 1-butanol > 2-
butanol.
Table 2
Experimental densities q, refractive indexes nD and dynamic viscosities g as a
function of temperature for pure DMF.a
T (K) q (g cm3) nD g (103 Pa s)
288.15 0.906362 1.4451 0.5687
293.15 0.901016 1.4415 0.5298
298.2 0.895633 1.4388 0.4987
303.15 0.890220 1.4361 0.4733
308.15 0.884769 1.4333 0.4509
313.15 0.879290 1.4305 0.4285
318.15 0.873776 1.4277 0.4097
323.15 0.868221 1.4250 0.3935
328.15 0.862626 1.4223 0.3778
333.15 0.857004 1.4196 0.3632
a Standard uncertainties are u(T) = ±0.1 K; u(q) = ±5  106 g cm3, u(nD) = ±1
 104; u(g) = ±1  104 Pa s.
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The selectivity (S) of DMF, deﬁned as the ratio of distribution
coefﬁcients of DMF (2) to water (1), was calculated in order to eval-
uate the extracting characteristics of DMF. The selectivity is
mathematically expressed by
S ¼ w
I
2=w
II
2
wI1=w
II
1
¼ D2
D1
ð5Þ
where D1 and D2 are the distribution coefﬁcients of water and DMF,
respectively; wI1 and w
I
2 represent the mass fractions of water and
DMF in the organic phase, respectively, and wII1 and w
II
2 are the mass
fractions of water and DMF in the aqueous phase, respectively.
These parameters, selectivity and distribution coefﬁcient for the
studied ternary system, are also presented in Tables 4–6, and the
variation of the experimental selectivity as a function of the mass
fraction of DMF in the aqueous phase is shown in Fig. 7. For all
investigated systems, the experimental results indicate that DMF
have high selectivity values, thereby indicating the ability of this
compound to spontaneously separate from water due its hydropho-
bic nature, as remarked by Román-Leshkov et al. [7]. It can be
observed that, in aqueous phase, the concentration of DMF is very
small over the complete two-phase region for all studied systems,
less than 0.2%, implying in a high recovery of the DMF produced
in the hydrogenolysis step. However, the mass fraction of water
in the organic phase is signiﬁcant for low concentrations of DMF,
mainly in systems containing the C4 alcohols, reaching about 20%
in the system containing 1-butanol and about 35% in the system
containing 2-butanol. For the system containing 1-hexanol, the
maximum mass fraction of water in organic phase is about 7%.
Despite this observation, the choice of the solvent to be used in
the DMF production process should take into account other factors,
such as ﬁnal fuel quality requirements, energy and costs required
for the subsequent separation steps and nature of the solvent. For
example, 1-butanol is an advantageous solvent for biomass
application, because it can be produced by the fermentation of bio-
mass-derived carbohydrates, whereas 2-butanol and other extract-
ing solvent that can generate high HMF selectivity are obtained
from petroleum-derived products [7]. Furthermore, 1-butanol is
Table 3
Parameters and average deviation obtained in DMF density, refractive index and viscosity correlation (Eqs. (2)–(4), respectively).
Density (q) g cm3
A B C n Tmin (K) Tmax (K) dq/q (%)
0.625638 0.524954 473.8834 0.397281 288.15 358.15 0.01
Refractive index (nD)
A B Tmin (K) Tmax (K) dnD/nD (%)
1.6056 0.0006 288.15 313.15 0.01
Viscosity (g) mPa s
A B C Tmin (K) Tmax (K) dg/g (%)
2.1536 184.2584 172.0301 288.15 358.15 0.17
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Fig. 1. Density (q) as a function of temperature (T) for pure DMF. (---) calculated
values using Eq. (2) with Yaws parameters [37]; (—) calculated values using Eq. (2)
with new parameters (Table 3). Experimental data: j, this work; e, Ref. [24].
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Fig. 2. Refractive index (nD) as a function of temperature (T) for pure DMF. (j)
experimental data (this work); (—) calculated values using Eq. (3).
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Fig. 3. Dynamic viscosity (g) as a function of temperature (T) for pure DMF. (j)
experimental data (this work); (—) calculated values using Eq. (4).
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Table 4
Experimental liquid–liquid equilibrium data in mass fractions (wi) for {water (1) + DMF (2) + 1-butanol (3)} at T = 298.2 and 313.2 K.a
T (K) Overall composition Organic phase Aqueous phase D2 S2,1 (103)
w1 w2 w3 w1 w2 w3 w1 w2 w3
298.2 0.5862 0.0000 0.4138 0.2023 0.0000 0.7977 0.9276 0.0000 0.0724 – –
0.5719 0.0399 0.3882 0.1526 0.0842 0.7632 0.9364 0.0002 0.0633 338.98 2.08
0.5566 0.0879 0.3555 0.1164 0.1899 0.6937 0.9382 0.0003 0.0615 698.93 5.63
0.5593 0.1302 0.3105 0.0913 0.2878 0.6209 0.9413 0.0003 0.0584 917.26 9.46
0.5545 0.1963 0.2492 0.0625 0.4283 0.5091 0.9522 0.0005 0.0474 933.42 14.21
0.5511 0.2404 0.2085 0.0442 0.5425 0.4133 0.9541 0.0005 0.0454 1117.93 24.14
0.5472 0.2990 0.1538 0.0240 0.6803 0.2957 0.9558 0.0005 0.0437 1339.88 53.37
0.5451 0.3526 0.1023 0.0112 0.8008 0.1880 0.9595 0.0006 0.0399 1436.96 123.02
0.5407 0.4036 0.0557 0.0054 0.9088 0.0857 0.9685 0.0007 0.0308 1341.37 239.45
0.6374 0.3626 0.0000 0.0010 0.9990 0.0000 0.9989 0.0011 0.0000 –
313.2 0.5857 0.0000 0.4143 0.2141 0.0000 0.7859 0.9341 0.0000 0.0659 – –
0.5839 0.0423 0.3737 0.1565 0.0941 0.7494 0.9388 0.0002 0.0611 555.43 3.33
0.5746 0.0755 0.3499 0.1215 0.1669 0.7116 0.9446 0.0003 0.0551 647.05 5.03
0.5684 0.1187 0.3129 0.0832 0.2666 0.6502 0.9473 0.0003 0.0524 891.56 10.15
0.5607 0.1797 0.2596 0.0653 0.4028 0.5318 0.9539 0.0004 0.0457 1008.77 14.73
0.5617 0.2096 0.2287 0.0422 0.4845 0.4733 0.9554 0.0004 0.0442 1148.48 26.02
0.5875 0.2703 0.1422 0.0233 0.6764 0.3003 0.9612 0.0005 0.0383 1327.45 54.83
0.5381 0.3580 0.1039 0.0170 0.7898 0.1931 0.9659 0.0006 0.0335 1357.88 77.01
0.6534 0.3058 0.0408 0.0056 0.9212 0.0732 0.9737 0.0007 0.0256 1316.09 228.54
0.6860 0.3140 0.0000 0.0016 0.9984 0.0000 0.9988 0.0012 0.0000 – –
a Standard uncertainties are u(T) = ±0.1 K; u(w) = ±0.001.
Table 5
Experimental liquid–liquid equilibrium data in mass fractions (wi) for {water (1) + DMF (2) + 2-butanol (3)} at T = 298.2 and 313.2 K.a
T (K) Overall composition Organic phase Aqueous phase D2 S2,1 (103)
w1 w2 w3 w1 w2 w3 w1 w2 w3
298.2 0.8091 0.0000 0.1909 0.3558 0.0000 0.6442 0.8128 0.0000 0.1872 – –
0.6612 0.0515 0.2873 0.1981 0.1545 0.6474 0.8683 0.0003 0.1314 478.73 2.10
0.6426 0.0941 0.2633 0.1322 0.2891 0.5787 0.8814 0.0004 0.1182 722.07 4.82
0.6301 0.1311 0.2388 0.0922 0.3963 0.5115 0.8977 0.0005 0.1018 795.89 7.75
0.6121 0.1871 0.2007 0.0635 0.5315 0.4051 0.9054 0.0005 0.0941 977.97 13.95
0.6031 0.2242 0.1727 0.0355 0.6142 0.3503 0.9261 0.0007 0.0732 921.42 24.02
0.5890 0.2750 0.1360 0.0204 0.7176 0.2620 0.9311 0.0007 0.0682 1030.38 47.07
0.5884 0.3158 0.0958 0.0101 0.8090 0.1809 0.9426 0.0008 0.0567 1057.89 98.34
0.5828 0.3643 0.0528 0.0035 0.9162 0.0803 0.9575 0.0009 0.0417 1073.66 296.57
0.6374 0.3626 0.0000 0.0010 0.9990 0.0000 0.9989 0.0011 0.0000 – –
313.2 0.5890 0.0000 0.4110 0.3329 0.0000 0.6671 0.8426 0.0000 0.1574 – –
0.5576 0.0498 0.3927 0.2096 0.1010 0.6893 0.8858 0.0004 0.1138 282.42 1.19
0.5536 0.0778 0.3686 0.1516 0.1654 0.6830 0.8905 0.0004 0.1091 425.84 2.50
0.5521 0.1255 0.3224 0.1121 0.2774 0.6105 0.9016 0.0005 0.0979 602.51 4.85
0.5479 0.1765 0.2756 0.0771 0.4011 0.5219 0.9087 0.0005 0.0908 792.18 9.34
0.5406 0.2542 0.2053 0.0476 0.5641 0.3882 0.9291 0.0006 0.0703 882.67 17.22
0.6282 0.2481 0.1237 0.0241 0.7162 0.2597 0.9383 0.0007 0.0610 1024.55 39.85
0.6226 0.2964 0.0810 0.0108 0.8538 0.1354 0.9472 0.0008 0.0520 1128.14 98.97
0.6225 0.3305 0.0470 0.0045 0.9333 0.0622 0.9640 0.0009 0.0351 1077.49 231.00
0.6860 0.3140 0.0000 0.0016 0.9984 0.0000 0.9988 0.0012 0.0000 – –
a Standard uncertainties are u(T) = ±0.1 K; u(w) = ±0.001.
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Table 6
Experimental liquid–liquid equilibrium data in mass fractions (wi) for {water (1) + DMF (2) + 1-hexanol (3)} at T = 298.2 and 313.2 K.a
T (K) Overall composition Organic phase Aqueous phase D2 S2,1 (103)
w1 w2 w3 w1 w2 w3 w1 w2 w3
298.2 0.5837 0.0000 0.4163 0.0709 0.0000 0.9291 0.9939 0.0000 0.0061 – –
0.5819 0.0394 0.3787 0.0635 0.0883 0.8483 0.9944 0.0001 0.0055 922.41 14.45
0.5793 0.0948 0.3258 0.0515 0.2155 0.7331 0.9950 0.0002 0.0048 927.73 17.94
0.5790 0.1225 0.2985 0.0384 0.2779 0.6837 0.9952 0.0003 0.0045 950.14 24.62
0.5736 0.1811 0.2453 0.0341 0.4050 0.5608 0.9959 0.0004 0.0037 1157.27 33.78
0.5721 0.2460 0.1819 0.0222 0.5717 0.4061 0.9967 0.0004 0.0029 1429.27 64.27
0.5744 0.2859 0.1397 0.0185 0.6577 0.3238 0.9972 0.0005 0.0024 1461.55 78.92
0.5927 0.3245 0.0828 0.0105 0.7993 0.1902 0.9979 0.0005 0.0016 1598.53 151.41
0.5916 0.3617 0.0467 0.0045 0.9010 0.0945 0.9984 0.006 0.0010 1501.68 330.65
0.6374 0.3626 0.0000 0.0010 0.9990 0.0000 0.9989 0.0011 0.0000 – –
313.2 0.5472 0.0000 0.4528 0.0723 0.0000 0.9277 0.9946 0.0000 0.0054 – –
0.5615 0.0426 0.3959 0.0592 0.0891 0.8517 0.9949 0.0001 0.0050 827.40 13.90
0.5621 0.0764 0.3615 0.0501 0.1631 0.7868 0.9952 0.0002 0.0046 791.86 15.73
0.5618 0.1196 0.3186 0.0394 0.2604 0.7002 0.9956 0.0003 0.0041 996.49 25.18
0.5504 0.1690 0.2806 0.0341 0.3614 0.6045 0.9960 0.0003 0.0037 1204.79 35.19
0.6480 0.1768 0.1752 0.0236 0.4876 0.4888 0.9966 0.0004 0.0030 1157.29 48.82
0.5667 0.2894 0.1439 0.0183 0.6471 0.3346 0.9973 0.0005 0.0023 1438.01 78.34
0.6359 0.2831 0.0810 0.0118 0.7694 0.2189 0.9978 0.0005 0.0017 1538.72 130.30
0.5652 0.3870 0.0478 0.0054 0.8884 0.1061 0.9983 0.006 0.0011 1480.70 271.77
0.6860 0.0000 0.3140 0.0016 0.9984 0.0000 0.9988 0.0012 0.0000 – –
a Standard uncertainties are u(T) = ±0.1 K; u(w) = ±0.001.
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where subscripts i, j, k denote each component in the mixture and x
the mole fractions. This model has three adjustable parameters for
each binary pair (aij, aji and aij). The parameters aij and aji are related
to the characteristic energy of interaction between molecules of
type i and j, while the parameter aij is related to the non-random-
ness of the mixture. In this work, aij was ﬁxed at 0.2 for all binary
pairs.
The UNIQUAC model is given by:
ln ci ¼ ln
Ui
xi
þ z
2
qi ln
hi
Ui
þ li U

i
xi
X
j
xjlj  qi ln
X
j
hjsji
 !
þ qi
 qi
X
j
hjP
khkskj
ð9Þ
where Ui and hi are the volume and surface area fractions, given by:
Ui ¼
rixiP
jrjxj
ð10Þ
hi ¼ qixiP
jqjxj
ð11Þ
Parameters ri and qi are the structural pure component volume
and surface area parameters, respectively. These structural param-
eters are shown in Table 7 for all studied components. The values
for DMF were calculated in this work according to the method of
Bondi [45]; the values for all others components were taken from
literature [46]. The coordination number z is ﬁxed as 10 and the
lj term is given by:
lj ¼ z2 ðrj  qjÞ  ðrj  1Þ ð12Þ
The energy interactions parameters are sij e sji, which are
expressed as:
sij ¼ exp DuijRT
 
 exp  aij
T
 
ð13Þ
The estimation of parameters aij and aji for both models was
performed by using the FORTRAN code TML-LLE 2.0 [33]; the
procedure is based on the modiﬁed Simplex method [47] by min-
imizing the square of the differences between the experimental
and calculated mole fractions for each component of both
liquid phases for each ternary system, using the objective function
F [48]:
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Fig. 6. Liquid–liquid equilibrium experimental data for the system
water + DMF + 1-hexanol at 298.2 K (N, —) and 313.2 K (D, --); feed composition:
(, 298.2 K; }, 313.2 K).
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Fig. 7. Selectivity as function of mass fraction of DMF in aqueous phase at 298.2 K
(full symbols) and 313.2 K (empty symbols): () 1-butanol, (j) 2-butanol e (d) 1-
hexanol.
Table 7
UNIQUAC structural parameters r and q.
Components r q
Water 0.9200 1.400
DMF 3.8062 2.952
1-Butanol 3.4543 3.052
2-Butanol 3.4535 3.048
1-Hexanol 4.8031 4.132
Table 8
Estimated interaction parameters for the ternary systems water (1) + DMF (2) + {1-
butanol (3) or 2-butanol (4) or 1-hexanol (5)} at T = 298.2 and 313.2 K.
NRTL parameters UNIQUAC parameters
i–j aij aji aij aij aji
1–2 2440.5 969.68 0.20 4628.6 1272.1
1–3 1545.6 329.03 0.20 242.54 53.457
1–4 1488.1 429.68 0.20 184.50 20.278
1–5 1843.0 139.53 0.20 686.41 88.907
2–3 744.80 1142.5 0.20 61.747 95.652
2–4 492.05 854.56 0.20 240.73 79.911
2–5 1195.4 520.51 0.20 657.29 63.229
Table 9
NRTL and UNIQUAC rms deviations.
System T/K dw (%)
NRTL UNIQUAC
Water + DMF + 1-butanol 298.2 0.41 0.58
Water + DMF + 1-butanol 313.2 0.75 0.73
Water + DMF + 2-butanol 298.2 1.25 1.39
Water + DMF + 2-butanol 313.2 1.00 1.09
Water + DMF + 1-hexanol 298.2 0.69 0.54
Water + DMF + 1-hexanol 313.2 0.54 0.45
Global 0.82 0.86
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F ¼
XD
k
XM
j
XN1
i
xI;expijk  xI;calcijk
 2
þ xII;expijk  xII;calcijk
 2 	
ð14Þ
where D, M, and N indicate the number of data sets, tie-lines and
components for each system, respectively. Superscripts I and II
denote each equilibrium phase and exp and calc refer to experimen-
tal and calculated values, respectively. The estimated parameters
for both NRTL and UNIQUAC models are reported in Table 8. The
root mean square deviation (dw) between the experimental and cal-
culated phase composition, expressed as mass fraction, was calcu-
lated according to:
dw ¼ 100
PM
i
PN
j w
I;exp
ijk wI;calcijk
 2
þ wI;expijk wI;calcijk
 2
2MN
0
B@
1
CA ð15Þ
The root mean square deviations for all systems are shown, for
both models, in Table 9. In Figs. 8–13, the experimental LLE data
are compared with NRTL and UNIQUAC correlations. It can be
observed that the experimental and calculated data are in
excellent agreement. The global deviations were below 1% for both
models.
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Fig. 8. Experimental and calculated data of liquid–liquid equilibrium for the system
water + DMF + 1-butanol at 298.2 K: () feed composition; (N, —) experimental;
( ) NRTL; ( ) binodal curve calculated by NRTL; ( ) UNIQUAC; ( ) binodal
curve calculated by UNIQUAC.
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Fig. 9. Experimental and calculated data of liquid–liquid equilibrium for the system
water + DMF + 1-butanol at 313.2 K: () feed composition; (N, —) experimental;
( ) NRTL; ( ) binodal curve calculated by NRTL; ( ) UNIQUAC; ( ) binodal
curve calculated by UNIQUAC.
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Fig. 10. Experimental and calculated data of liquid–liquid equilibrium for the
system water + DMF + 2-butanol at 298.2 K: () feed composition; (N, —) experi-
mental; ( ) NRTL; ( ) binodal curve calculated by NRTL; ( ) UNIQUAC; ( )
binodal curve calculated by UNIQUAC.
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Fig. 11. Experimental and calculated data of liquid–liquid equilibrium for the
system water + DMF + 2-butanol at 313.2 K: () feed composition; (N, —) experi-
mental; ( ) NRTL; ( ) binodal curve calculated by NRTL; ( ) UNIQUAC; ( )
binodal curve calculated by UNIQUAC.
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3.3. Reliability of tie-line data
The reliability of the experimental tie-line was ascertained by
applying Bachman [49] and Othmer–Tobias [50] correlation equa-
tions, given by Eqs. (16) and (17), respectively:
wI3 ¼ AB þ BB
wI3
wII1
ð16Þ
ln
1wI3
wI3
 
¼ AOT þ BOT ln 1w
II
1
wII1
 
ð17Þ
where wII1 is the mass fraction of water in the aqueous phase and w
I
3
is the mass fraction of the alcohols in the organic phase. AB and BB
are the Bachman correlation parameters, while AOT and BOT are
the Othmer–Tobias correlation parameters. The regressed parame-
ters and the linear regression R-squared (RSQ) are listed in Table 10.
Good linear correlation coefﬁcients were determined for these three
ternary systems applying both correlations, particularly for Bach-
man correlation, with R-squared greater than 0.99 for all systems.
4. Conclusion
Densities, refractive indexes and dynamic viscosities for pure
2,5-dimethylfuran and ternary liquid–liquid equilibrium data for
three systems including this green next-generation biofuel were
experimentally determined. The LLE data have not been previously
reported in literature and this work contributes with new values
for the mentioned pure DMF properties, some of which were not
available in open literature. The investigated ternary systems were
{water + DMF + (1-butanol or 2-butanol or 1-hexanol)} at 298.2 K
and 313.2 K at atmospheric pressure. A type II behavior was found
for all systems. Selectivity and distribution coefﬁcients for DMF
were calculated and the results show the ability of this compound
spontaneously separate fromwater. The studied systems also show
large two-phase region. The experimental LLE data were correlated
using the NRTL and UNIQUAC models for activity coefﬁcient and a
good correlation was obtained, with a RMDS of less than 1% for all
systems. The Bachman and Othmer–Tobias correlations were used
to ascertain the reliability of the experimental data and the results
are satisfactory. Therefore, from the viewpoint of extraction pro-
cess, it can be concluded that the studied alcohols are reliable
organic solvents for use in DMF biomass-to-liquid two-step cata-
lytic process production.
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Table 10
Bachman and Othmer–Tobias constants and correlation coefﬁcients (R2) for ternary systems {water + DMF + solvent} at T = 298.2 and 313.2 K.
Equation Bachman Othmer–Tobias
System T (K) AB BB R2 AOT BOT R2
Water + DMF + 1-butanol 298.2 0.9320 0.0063 0.99 4.7214 13.7741 0.97
Water + DMF + 1-butanol 313.2 0.8574 0.0175 0.99 2.4062 5.1981 0.98
Water + DMF + 2-butanol 298.2 0.9939 0.0008 0.99 2.9619 16.7010 0.98
Water + DMF + 2-butanol 313.2 0.9372 0.0060 0.99 4.3178 13.0659 0.99
Water + DMF + 1-hexanol 298.2 0.8795 0.0121 0.99 2.9510 6.9286 0.99
Water + DMF + 1-hexanol 313.2 0.9944 0.0008 0.99 3.3092 18.9015 0.98
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Fig. 12. Experimental and calculated data of liquid–liquid equilibrium for the
system water + DMF + 1-hexanol at 298.2 K: () feed composition; (N, —) experi-
mental; ( ) NRTL; ( ) binodal curve calculated by NRTL; ( ) UNIQUAC; ( )
binodal curve calculated by UNIQUAC.
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Fig. 13. Experimental and calculated data of liquid–liquid equilibrium for the
system water + DMF + 1-hexanol at 313.2 K: () feed composition; (N, —) experi-
mental; ( ) NRTL; ( ) binodal curve calculated by NRTL; ( ) UNIQUAC; ( )
binodal curve calculated by UNIQUAC.
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